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SUMMARY 


Experimental  airload  harmonics  from  the  first  to  the  tenth 
at  various  blade  spanwise  stations  are  presented  for  single  and 
rear  tandem  rotor  configurations  for  various  rotor  angles  of 
attack,  tip-speed  ratios,  and  thrust  loadings.  The  results  in¬ 
clude  the  effect  of  blade  bending  motion  on  airload  harmonics 
for  selected  test  cases. 

Evaluation  of  the  experimental  results  indicates  several 
general  conclusions  of  importance  with  regard  to  vibration  levels 
of  compound  helicopters,  tandem  helicopters,  and  three-  and 
four-bladed  rotors. 
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SYMBOLS 


n 

x 


nondimens Iona 1  magnitude  of  harmonic  airload,  }L  I 
fraction  of  LQ/R  I 

harmonic  number 

nondimen sional  blade  spanwise  station,  fraction 
of  rotor  radius 

rotor  thrust  coefficient,  thrust  divided  b>  air 
density,  disk  area,  tip  speed  squared 

steady-state  thrust  of  one  blade,  pout'd 3 

harmonic  airload  acting  at  one  blade  station, 
pounds  per  inch, 

•  L  cos  ntf  +  L  sin  nv 
c  s 

cosine  component  of  harmonic  airload  acting  at  one 
blade  station,  pounds  per  inch 

sine  component  of  harmonic  airload  acting  at  one 
blade  station,  pounds  per  inch 


R  rotor  radius,  feet  or  inches 


a 


/ 

V 

a 

SR 

TRR 

(R) 

(F) 


rotor  shaft  angle,  positive  aft  of  vertical, 
degrees.  Since  rotor  has  no  cyclic  pitch,  also 
no  feathering  axis  angle,  degrees 

rotor  advance  ratio,  free-stream  velocity  divided 
by  rotor  tip  speed 

blade  aximuth  angle,  zero  when  instrumented  blade 
downstream,  degrees 

rotor  solidity,  blade  area  divided  by  disk  area 
single  rotor  configuration 
rear  rotor  of  tandem  configuration 
articulated  blade,  relatively  rigid  in  bending 
articulated  blade,  relatively  flexible  in  bending 
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front  rotor 


rear  rotor 

imifitl  value  for  purposes  of  classif  i cat  Ion 


9 


INTRODUCTION 


Rotor- induced  vibration  is  a  problem  of  major  significance 
in  cur r ere  helicopter  technology.  The  difficulty  of  designing 
for  ttinific:  vibration  levels  is  largely  due  to  the  lack  of  knowl¬ 
edge  of  the  harmonic  airloads  acting  on  the  rotor  blades  them¬ 
selves.  Considerable  extremely  valuable  flight  test  data  have 
becoene  available  for  two-  and  four- b laded  rotors.  However,  in 
such  flight  tests,  the  necessity  of  keeping  the  aircraft  in 
tris  prevents  a  vide  variation  of  such  major  parameters  as  rotor 
angle  of  attack  and  blade  loading,  while  manufacturing  costs 
prohibit  major  changes  in  such  parameters  as  rotor  blade  flexi¬ 
bility  and  tandem  rotor  geometry.  Also,  very  large  vibratory 
loads  occur  at  transition  flight  speeds  that  are  difficult  to 
achieve  in  steady  free  flight.  Yet,  extensive  data  at  these 
speeds  are  urgently  required  due  to  the  occurrence  of  extreme 
wake  distortion  which  greatly  contributes  to  the  large  magnitude 
of  toe  harmonic  airloads  and  increases  the  difficulty  of  theo¬ 
retical  prediction  of  these  harmonic  airloads.  (See  References  1, 
2,  3,  and  4). 

T«^e  purpose  of  the  present  study  is  to  present  and  assess 
extensive  harmonic  airload  data  obtained  in  the  vied  tunnel  for 
simulated  transition  flight  with  three -b laded  rotors  in  both 
single  and  tandem  configurations  for  vide  vatiatiens  in  rotor 
angle  of  attack,  blade  loading,  and  blade  flexibility. 

This  study  is  a  cootiruat ic®  of  a  number  of  investigations 
that  have  been  conducted  over  the  past  se/eral  years  on  rotor 
vibration  and  airload  problems.  The  equipment  developed  during 
these  past  Irves: igat i ms  was  utilized  during  the  current  study . 
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CONCLUSIONS 


The  rotor  orientations  and  blade  loadings  associated  with 
a  compound  helicopter  having  auxiliary  propulsion  units  and 
lifting  surfaces  lead  to  harmonic  airload  amplitudes  comparable 
with  those  of  pure  helicopters  at  moderate  forward  speeds. 

The  orientation  of  the  rear  rotor  of  a  tandem  helicopter 
relative  to  the  front  rotor  is  of  fundamental  importance  in 
establishing  rear  rotor  harmonic  airload  amplitudes,  particu¬ 
larly  during  transition. 

There  is  no  significant  difference  between  the  dominant 
harmonic  airload  amplitudes  of  three-  and  fcur-bladed  single 
rotors  operating  roder  identical  flight  conditions. 


EXPERIMENTAL  PROGRAM 


Test  Stand 


The  test  stand  consists  of  two  pylons  mounted  on  heavy 
steel  beams  in  such  a  way  that  the  front  pylon  can  be  moved  fore 
and  aft  to  vary  the  rotor  overlap.  Both  the  front  and  rear  pylon 
can  be  raised  "to  vary  the  rotor  stagger  (Figure  1).  For  the 
present  tests  the  rotors  were  at  the  same  height  and  overlapped 
67  percent  of  the  rotor  radius. 

The  pylons  are  made  of  welded  steel  channels,  and  pro¬ 
vision  has  been  incorporated  to  tilt  the  rotor  heads  from  5°  aft 
to  15°  forward  by  remote  control  of  an  electr ic-motor-driven 
linkage.  The  rotor  power  is  supplied  by  a  10-horsepower  hydrau¬ 
lic  motor,  controlled  from  outside  the  tunnel.  Two  right-angle 
gearboxes  and  a  connecting  shaft  with  constant  velocity  joints 
turn  the  front  rotor  shaft  synchronously  with  the  rear  shaft, 
but  in  the  opposite  direction. 

In  the  single  rotor  configuration,  the  front  rotor  pylon 
and  the  connecting  shaft  are  removed. 

Appendix  I  lists  the  principal  parameters  of  the  rctors. 


Rotors 


Both  front  and  rear  rotors  are  8  feet  in  diameter  and  have 
three  fully  articulated  (flapping  and  lagging  degrees  of  freedom) 
blades  with  no  mechanical  dampers  and  no  cyclic  pitch  control . 

The  blades  are  rigid  in  torsion. 

Thirty-three  slip  rings  are  available  to  transmit  pressure 
signals  from  the  rotating  hub  to  the  amplifiers  and  recording 
equipment.  Three  spring  strip  brushes  wired  in  parallel  bear  on 
each  slip  ring.  A  timing  signal  is  generated  every  time  the 
instrumented  blade  passes  through  azimuth  angle  90°. 

The  flapping  displacement  of  the  blade  is  measured  by  means 
of  a  spring  steel  beam  between  the  flapping  pin  and  the  hub,  with 
two  active  a  nr  strain  gage  bridges  mounted  on  the  beam .  The 
angular  displacement  signal  is  linear  over  the  whole  range  of 
measurement.  The  dizssy  arms  of  the  strain  gage  bridges  consist 
of  precision  resistors  mounted  on  the  top  surface  of  the  hub,  so 
that  the  bridges  are  complete  on  the  rotor  side  of  the  slip  rings. 


Pressure  Measurements 


Variable  reluctance  transducers  (Reference  7)  with  a  dif¬ 
ferential  pressure  range  of  0  to  2  psi  are  installed  in  the 
instrunented  blade  against  the  front  face  of  the  spar,  oriented 
so  that  readings  are  not  affected  by  centrifugal  force  or  blade 
flapping  accelerations,  and  connected  by  .040- inch-diameter 
hypordermic  tubing  to  the  pressure  tap  locations  on  the  upper  and 
lower  surfaces  of  the  blade.  Eight  such  locations  were  chosen, 
all  at  the  10  percent  chordwise  station  and  at  the  20  percent, 

40  percent,  60  percent,  70  percent,  80  percent,  85  percent, 

90  percent,  and  95  percent  spanwise  stations. 

Each  transducer  was  calibrated  statically  and  dynamically 
before  installation  in  the  blade  (Figure  2).  Static  calibrations 
of  all  pressure  transducers  were  performed  frequently  during  test 
operations.  The  transducers  had  a  flat  response  to  sinusoidal 
pressure  oscillations  at  frequencies  from  0  to  70  cycles  per 
second  but  were  not  tested  beyond  this  frequency,  which  corre¬ 
sponds  to  the  tenth  harmonic  of  the  rotor  at  400  rpm. 


Model  Blades 


All  blades  are  of  0012  cross  section  with  uniform  chord 
mass  and  stiffness  and  incorporate  10°  of  linear  twist .  The 
rigid  blades  consist  of  a  partially  flattened  2024-T3  altminum- 
tube  spar  with  a  hardwood  leading  edge  and  a  balsa -covered, 
ribbed,  trailing  edge.  The  flexible  blades  employ  a  solid  rec¬ 
tangular  section  aluminum  spar  with  solid  chordwise- grain -balsa 
leading-  and  trailing-edge  portions.  The  pressure  transducers 
are  attached  to  the  leading  edge  of  the  spar  of  one  instrumented 
blade,  and  corresponding  lead  ballast  is  added  to  the  other 
blades.  The  elastic  axis  and  the  c.g.  are  at  the  quarter  chord. 
Lead  tape  was  applied  at  the  trailing  edge  to  attain  the  desired 
c.g.  location. 

Two  strain  gages  were  mounted  on  the  spar  of  one  of  the 
flexible  blades  at  30  percent  of  the  span  to  provide  a  bending 
signal  that  was  displayed  on  the  oscilloscope  to  indicate  the 
onset  of  blade  bending  resonance. 

The  blade  root  attachment  fittings  include  a  worm  and  gear 
mechanism  to  permit  adjustment  of  the  collective  pitch  as  well 
as  to  facilitate  tracking  of  the  blades. 


Wind  Tunnel 


All  tests  were  conducted  in  the  9-foot  by  12-foot  return 
test  section  of  the  Aeroelastic  and  Structures  Research  Laboratory 
Flutter  Tunnel  at  MIT.  To  provide  a  uniform  velocity  distribu¬ 
tion  over  the  test  section  and  to  minimize  the  turbulence  and 
swirl  created  by  the  upstream  fan,  the  test  section  was  modified 
as  follows:  New  walls  were  built  to  eliminate  tunnel  expansion 
at  the  test  section;  a  vertical  mid-divider  from  floor  to  ceiling 
was  placed  from  the  tunnel  fan  downstream  to  an  existing  vertical 
beam  to  cut  the  one  large  swirl  into  two  smaller  swirls  and  to 
bring  additional  velocity  into  the  center  section;  a  trailing 
edge  fairing  was  placed  on  the  beam  to  smooth  the  flow;  two 
coarse  damping  screens  made  of  stretched  steel  sheets  were  placed 
at  the  end  of  the  divider  to  create  a  back  pressure  and  to  even 
the  flow,  and  a  fine  mesh  damping  screen  was  placed  downstream 
of  the  coarse  screens  to  minisiize  turbulence  from  both  the  fans 
and  the  coarse  screens.  Velocity  profiles  across  the  test 
section  are  presented  in  Figure  3. 

The  effect  of  tunnel  turbulence  on  the  higher  harmonic  air¬ 
loads  was  not  investigated  quantitatively.  However,  the  repeat¬ 
ability  of  the  blade  pressure  test  records  indicated  the  effect 
to  be  negligible  for  tip-speed  ratios  of  .05  and  .10.  At  a 
tip-speed  ratio  of  .20,  the  increased  turbulence  due  to  the  higher 
tunnel  speed  caused  significant  random  changes  in  amplitude  and 
phase  of  pressure  harmonics  above  the  sixth  crder  of  rotor  ro¬ 
tational  speed.  However,  these  harmonics  were  of  such  small 
magnitude  that  it  was  not  considered  worthwhile  to  perform  a 
statistical  analysis  of  many  test  cycles  to  eliminate  the  random 
effect  of  turbulence. 

No  corrections  were  applied  to  the  data  to  account  for  the 
effects  of  tunnel  wall  interference.  Although  such  corrections 
would  affect  the  magnitude  of  the  steady-state  airload  by  five 
percent  or  less,  it  is  expected  that  they  would  not  significantly 
influence  the  higher  harmonic  airloads. 


Test  Procedure 


Tests  were  run  on  both  tandem  and  single  rotors  at  various 
blade  loadings,  rotor  angles  of  attack,  and  tip-speed  ratios 
(see  Appendix  IT).  A  stroboscope  was  used  to  monitor  rotor  ro¬ 
tational  speed  and  blade  tracking. 


All  blades  were  tracked  to  the  instrumented  blade  tip  at 
the  pitch  settings  and  rotor  speed  for  the  given  test  condition. 


Instrunentat ion 


The  strain  gage  bridges  were  excited  with  5-volt  DC  and 
the  pressure  transducers  with  a  20-kc,  5-volt  carrier  system. 

Because  of  the  number  of  channels  involved,  it  was  found 
necessary  to  use  two  separate  four-channel  carrier  amplifiers, 
with  synchronised  excitations.  The  flapping  signal  did  not  re¬ 
quire  amplification. 

All  the  channels  were  recorded  simultaneously  on  an 
oscillograph  using  galvanometers  having  a  natural  frequency  of 
400  cycles  per  second.  The  complete  recording  system  is  shown 
in  Figures  4  and  5. 


Data  Reduction  and  Accuracy 

One  typical  cycle  of  each  pressure  channel  trace  for  a 
given  test  condition  was  subjected  to  a  40-  to  48-point  harmonic 
analysis  that  yielded  all  harmonics  up  to  the_  tenth.  In  the 
course  of  the  analysis,  calibration  factors  wre  applied  to  con¬ 
vert  inches  of  pressure  trace  deflection  to  pressure  in  pounds 
per  square  inch.  A  conversion  factor  of  2.175  was  also  applied 
to  convert  these  pressure  readings  (at  10-percent  chord)  to  the 
equivalent  total  loading  in  pounds  per  inch  at  that  spanvise 
station,  following  the  method  described  in  Reference  8.  This 
technique  is  valid  for  the  moderate  blade  mean  lift  coefficient 
(0.6)  and  the  low  advancing  blade  tip  Mach  nimber  (0.15)  of  the 
present  tests. 

Due  to  the  low  ratio  of  the  highest  airload  frequency  of 
interest  (67  cycles  per  second  or  tenth  harmonic)  to  the  gal¬ 
vanometer  natural  frequency  (400  cycles  per  second),  the  maximum 
error  in  amplitude  response  of  the  galvanometer  (for  64-percent 
damping  ratio)  was  less  than  1  percent.  Similarly,  for  the  above 
damping  ratio,  the  phase  angle  error  corresponds  to  a  blade  asi- 
tsuth  lag  angle  of  about  1.5°  for  all  airload  harmonics.  Both 
these  errors  were  considered  negligible.  The  phase  lag  is  con¬ 
stant  due  to  the  linear  variation  of  phase  angle  with  frequency 
ratio  for  a  second-order  dynamic  system  with  64-percent  damping 


The  pressure  gage  itself  has  a  natural  frequency  (including 
inlet  tubing)  of  greater  than  2000  cycles  per  second  and  a 
damping  ratio  of  the  order  of  0.1  (Reference  ?)$  hence,  errors 
due  to  its  dynamic  response  to  frequencies  of  67  cycles  per 
second  or  less  will  be  negligible.  Errors  due  to  gage  hysteresis 
are  less  than  1  percent  of  maxisnn  pressure  experienced  (Referen¬ 
ces  7  and  9). 

From  the  above  considerations,  errors  in  the  measured  har¬ 
monic  airload  data  can  be  expected  to  be  less  than  5  percent  of 
the  measured  values. 


Data  Presentation 


Test  conditions  are  specified  in  Appendix  II.  Included 
for  convenience  is  the  steady-state  lift  acting  on  one  blade  at 
each  test  condition. 

Test  results  are  presented  in  Appendix  III  in  terms  of 
airload  harmonics  up  to  the  tenth  at  various  spanwise  stations. 
Steady-state  data  are  also  presented,  though  due  to  instrumenta¬ 
tion  drift,  much  of  these  data  had  to  be  corrected  by  inter¬ 
polation  and  are  approximate  only.  They  are  believed  to  be  with¬ 
in  10  percent  of  the  actual  value. 


DISCUSSION  OF  EXPERIMENTAL  RESULTS 


Detailed  experimental  results  are  presented  in  Appendix  III. 
In  order  to  evaluate  the  effecL  of  variation  of  rotor  parameters 
upon  helicopter  vertical  vibration  levels,  certain  harmonic 
airload  amplitudes  were  expressed  as  a  ratio  of  the  mean  blade 
airload-L  /R  and  plotted  against  spanwise  station,  for  various 
shaft  angles,  tip-speed  ratios,  and  blade  loadings.  Note  that 
the  values  of  C j! o  shown  are  nominal  only.  Actual  values  for 
individual  test1  points  can  be  obtained  using  the  values  of  L 
given  in  Appendix  II.  Since,  for  a  given  test  condition,  these 
amplitudes  have  different  phasings  for  different  spanwise  stations, 
such  values  do  not  represent  an  actual  spanwise  loading  at  a  given 
instant  of  time.  However,  it  is  a  useful  qualitative  indication 
of  the  harmonic  excitation  acting  on  a  rotor  blade  in  a  given 
test  condition. 

Significant  airload  harmonics  for  vertical  vibration  of  a 
three-bladed  rotor  are  the  third,  sixth,  and  ninth.  Nondimen sional 
third-harmonic  amplitudes  for  a  single  rotor  with  rigid  blades 
are  shown  in  Figure  6.  Here,  the  term  "rigid"  implies  that  the 
blade  first  mode  ber  '  ng  frequency  was  far  higher  than  third  har¬ 
monic  (see  Appendix  I).  Sixth  and  ninth  harmonic  amplitudes  for 
this  rotor  configuration  were  found  in  general  to  be  much  smaller 
than  the  third  harmonic  (see  Appendix  III). 

Two  general  characteristics  of  the  higher  harmonic  airloads 
are  evident  in  Figure  6:  the  concentration  near  the  tip,  ard  the 
rapid  spanwise  fluctuations.  These  characteristics  necessitate 
a  corresponding  concentration  of  airload  transducers  near  the  tip 
when  such  airloads  are  measured. 

The  well-known  increase  in  harmonic  excitation  as  the  rotor 
angle  of  attack  is  increased  at  very  low  flight  speeds  (e.g., 
during  flares)  is  indicated  by  Figure  6.  This  effect  is  due  to 
the  corresponding  decrease  in  rotor  inflow  that  permits  the  blade 
tip  vortices  to  remain  close  to  the  rotor.  The  figure  indicates 
that  this  effect  also  occurs  at  moderate  flight  speeds  (a  -  .20), 
though  the  increase  here  tends  to  occur  at  inboard  stations. 

This  point  cay  be  of  significance  for  helicopters  with  auxiliary 
propulsion,  since  such  helicopters  operate  with  low  rotor  inflows. 

The  variation  of  harmonic  airloads  with  blade  loading-C^./ o 
is  seen  to  be  most  pronounced  at  moderate  flight  speeds 
(Figures  6(c)  and  (£)).  At  lower  flight  speeds ,  the  reduced  in¬ 
flow,  and  consequent  close  proximity  of  the  trailing  vortices  to 
the  rotor,  is  apparently  somewhat  offset  by  the  reduced  °trcngth 
of  the  vertices.  The  effect  of  reduction  of  blade  leading  is 


most  pronounced  at  moderate  flight  speeds,  since  changes  in  mean 
downwash,  and,  hence,  vortex  spacing,  are  now  directly  related  to 
changes  in  thrust  (  X^  Cj.  rather  than  ~  JCj)  • 

The  detrimental  effect  of  reducing  Cj/j  will  be  of  concern 
in  the  design  of  compound  helicopters  utilizing  auxiliary  wings 
to  unload  the  rotor  in  cruising  flight. 

The  familiar  reduction  in  harmonic  airloads  with  forward 
speed  is  illustrated  by  Figure  6.  This  reduction  is,  of  course, 
due  to  the  increase  in  the  rate  of  passage  of  rotor  vorticity 
downstream. 

Third  and  sixth  harmonic  airloads  for  the  rear  rotor  of  a 
tandem  configuration  with  rigid  blades  are  shown  in  Figures  7 
and  8.  The  sixth  harmonic  airloads  are  included,  since  they  are 
of  a  magnitude  comparable  to  the  third  harmonic  for  the  tandem 
rotor.  It  should  be  notea  that  in  certain  cases  significant 
ninth  harmonic  airloads  occur  on  the  rear  tandem  rotor  and  that 
in  many  cases  other  higher  harmonic  airloads  are  of  appreciable 
magnitude  for  this  configuration  (see  Appendix  III),  apparently 
due  to  the  proximity  of  the  trailing  vorticity  from  the  front 
rotor.  However,  detailed  discussion  of  these  harmonics  is  not 
presented  here. 

Figure  7  shows  that  the  third  harmonic  excitation  of  the 
rear  tandem  rotor  is  comparable  to  that  of  the  single  rotor. 
Figure  6.  Note  that  the  tandem  airloads  tend  to  be  more  dis¬ 
tributed  over  the  blade  span,  with  appreciable  amplitudes  at  the 
inboard  stations. 

The  figures  also  illustrate  the  complex  variation  of  har¬ 
monic  airloads  with  changes  in  rear  rotor  orientation  with 
respect  to  the  front  rotor.  It  would  appear  to  be  advantageous 
to  trio  the  rear  rotor  to  a  position  as  far  from  the  front  rotor 
trailing  vorticity  as  possible  for  minimus  rear  rotor  outboard 
harmonic  excitation.  However,  the  inboard  harmonic  airload  is 
increased.  This  paradox  is  apparently  due  to  the  outboard  har¬ 
monic  airloads  being  largely  due  to  vorticity  trailed  from  the 
front  rotor ;  hence,  rearward  tilt  moves  the  rear  rotor  away  from 
this  vorticity,  while  on  the  other  hand,  the  trailing  vorticity 
of  the  rear  rotor  now  remains  close  to  that  rotor  and  increases 
the  inboard  harmonic  airload  as  in  the  case  of  the  single  rotor. 


Shaft  angles  for  the  tandem  rotor  configuration  of  this 
investigation  that  lead  tc  rotor  trim  positions  typical  for  a 
full-scale  aircraft  in  free  flight  are  as  follows: 


u 

.05 

-5° 

.10 

-5° 

.20 

-10° 

The  value  for  u  ■  . 10  provides  insufficient  rotor  angular 
separation  for  minimise  harmonic  excitation  according  to  the 
present  results.  However,  can  be  readily  decreased  (rotor 
tilted  forward) in  an  accelerating  transition  and  can  be  in¬ 
creased  (rotor  tilted  aft)  in  a  decelerating  transition. 

Third  and  fourth  harmonic  wind  tunnel  airloads  for  the 
three-bladed  model  rotor  cf  the  present  study  are  compared  with 
those  for  the  four-bladed  full  scale  free  flight  rotor  of  Ref¬ 
erence  2  in  Figures  9  and  10  for  similar  test  conditions.  Of 
interest  are  the  similar  character  and  magnitude  of  identical 
harmonics  even  for  such  wide  variations  in  test  environment  anc 
rotor  configuration.  The  data  also  indicate  that  there  is  no 
significant  difference  in  the  predominant  harmonic  excitation 
(third  harmonic  for  three-bladed  rotors,  fourth  harmonic  for 
four-bladed  rotors)  for  rotors  with  three  and  four  blades. 

This  result  is  apparently  due  to  the  fact  that  though  the  trail¬ 
ing  vortices  of  a  four-bladed  rotor  are  closer  to  the  blades  than 
they  would  be  for  a  three-bladed  rotor  producing  the  same  thrust 
under  the  same  flight  condition,  the  strength  of  the  individual 
vortices  is  also  reduced  and  the  two  effects  approximately  cancel 
in  terms  of  airloads  induced  on  the  blades.  Note  that  X. I.T. 
flexible  blade  results  (Case  43)  are  almost  identical  to  the 
results  of  Reference  2. 

The  third  harmonic  airload  measured  on  the  flexible  blade 
in  bending  resonance  with  the  third  harmonic  airload  is  shown 
in  Figure  11  for  comparison  with  the  results  shown  in  Figure  6(e) 
for  the  rigid  blade  far  from  third  harmonic  resonance. 


IC 


LIQUID 

MANOMETER 


I _ I 


FIGURE  2.  PRESSURE  CALIBRATION  EQUIPMENT. 
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VELOCITY  -  FEET  PER  SECOND 


FIGURE  3,  TEST  SECTION  VELOCITY  PROFILES. 
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FIGURE  4.  CIRCUIT  SCHEMATIC. 


FIGURE  5.  RECORDING  SYSTEM. 
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MENSIONAL  THIRD  HARMONIC  AIRLOAD  AMPLITUDES  FOR 
EAR  TANDEM  ROTOR  WITH  RIGID  BLADES. 
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FIGURE  8(a)  NO  N  D  I M  ENSIONAL  SIXTH  HARMONIC  AIRLOAD  AMPLITUDES  FOR 
THE  REAR  TANDEM  ROTOR  WITH  RIGID  BLADES. 
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THREE-AND  FOUR-BLADED  ROTORS. 
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X  -  BLADE  SPANWISE  STATION 

FIGURE  10(a).  NON  DIMENSIONAL  FOURTH  HARMONIC  AIRLOAD  AMPLITUDE  COMRAR 
THREE-  AND  FOUR-BLADED  ROTORS. 
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FIGURE  11.  NON  DIMENSIONAL  THIRD  HARMONIC  AIRLOAD  AMPLITUDES  FOR  THE 
SINGLE  ROTOR  WITH  FLEXIBLE  BLADES  IN  BENDING  RESONANCE. 
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APPENDIX  I 


ROTOR  CHARACTERISTICS 


Single  Rotor 
Rigid  Flexible 

Tandem  Rotor 
Front  Rear 

Number  of  blades 

3 

3 

3 

3 

Rotor  solidity 

0.10 

0.10 

0.10 

0.10 

Rotor  radius,  feet 

4.00 

4.00 

4.00 

4.00 

Blade  chord,  inches 

5.00 

5.00 

5.00 

5.00 

Airfoil  section 

0012 

0012 

0012 

0012 

Flapping  hinge  ©ffset, 
percent  radius 

2.60 

2.60 

2.60 

2.60 

Lagging  hinge  offset, 
percent  radius 

3.70 

3.70 

3.70 

3.70 

Linear  twist,  degrees 

•10 

-10 

0 

-10 

Blade  mass  constant 

8.40 

7.00 

8.40 

8.40 

Blade  mass,  slugs  per  foot 

.0128 

.0168 

.0128 

.012 

Blade  c.g.,  percent  chord 

25 

25 

25 

25 

First  mode  bending  frequency, 
cycles  per  minute,  at: 

400  rpm 

2000 

1180 

2000 

2000 

300  rpm 

1880 

960 

1880 

1880 

Rotor  hub  .pacing,  feet, 
vertically 
horizontally 

Rotor  operating  rpm  at 
u  -  .05,  .10 

400 

400 

0 

5.33 

400 

400 

H  -  .20 

300 

300 

30C 

300 
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APFENDIX  II 


TEST  CONDITIONS 


Case 

<V°>no» 

M- 

o 

a 

9° 

L  -11 

o 

1 

.05 

.05 

5 

6.8 

7.2 

2 

0 

6.8 

6.8 

3 

-5 

6.5 

6.2 

4 

-10 

6.5 

6.0 

5 

r 

-15 

6.8 

6.0 

6 

.10 

5 

4.8 

5.9 

7 

0 

4.8 

5.2 

8 

r- 

-3 

6.5 

6.4 

9 

-10 

6.5 

5.7 

10 

r 

-15 

6.8 

5.3 

11 

.20 

5 

2.6 

3.2 

12 

1 

0 

4.0 

3.2 

13 

-5 

5.4 

3.2 

14 

f 

r 

-10 

6.8 

3.2 

15 

.10 

.05 

5 

11.6 

12.5 

16 

0 

11.6 

12.1 

17 

-5 

11.4 

11.6 

18 

-10 

11.4 

11.3 

19 

/ 

-15 

11.6 

11.2 

20 

- 

.10 

5 

10.0 

12.0 

21 

0 

10.0 

11.3 

22 

-5 

11.4 

12.2 

23 

-10 

11.4 

11.5 

24 

i 

f 

-15 

11  6 

11.0 

25 

.20 

5 

7.3 

6.9 

26 

0 

7.3 

5.8 

27 

-5 

10.0 

6.8 

1 

t 

’ 

28 

-10 

10.0 

5.7 

Type 

SR(R) 


T 

SR(R) 
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Case  <V°>nc  ft  °F  9F 


29  .10  .05  - 

5  11.7 

30 

11.7 

31 

11.7 

32 

' 

11.7 

33 

.10 

10.6 

34 

10.6 

35 

10.6 

36 

f 

10.6 

37 

.20 

9.4 

38 

9.4 

39 

i 

9.4 

t 

40 

r  i 

' 

r 

9.4 

41  .10  .10 

42 

43 

f  > 

r 

44 

°F 

°R 

tTP« 

11.9 

5 

12.5 

9.6 

TRR(R) 

11.9 

0 

12.5 

9.3 

11.9 

-5 

12.5 

9.0 

11.9 

-10 

12.5 

8.7 

11.3 

5 

11.0 

8.7 

11.3 

0 

11.0 

8.0 

11.3 

-5 

12.3 

8.9 

11.3 

-10 

12.3 

8.1 

6.3 

5 

8.0 

6.4 

6.3 

0 

9.3 

6.2 

6.3 

-5 

10.7 

6.3 

6.3 

-10 

12.0 

6.3 

r 

5 

10.0 

12.0 

SR(F) 

0 

10.0 

11.3 

-5 

11.4 

12.2 

-10 

11.4 

11.5 

1 

f 
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APPENDIX  III 


TEST  RESULTS 
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